Abstract Humic substances (HS) constitute 50-80% of total dissolved organic matter (DOM) in freshwaters but in the open ocean \3%, indicating that large fractions of DOM and HS are removed in the estuarine and coastal zone. In order to assess the role of bacteria in this removal, we conducted experiments in flowthrough cultures to examine the decomposition of peat bog-born humic acids (HA) by marine (salinity 30, Exp1) and estuarine (salinity 10, Exp2) bacterial communities. After *70 days 40-[60% of the HA were decomposed. Highest fractions were decomposed in treatments in which the bacterial communities were fed by HA media of a foreign salinity, e.g., of 14 in Exp1 and of 28 in Exp2. Some of the HA material was not decomposed but broken down to smaller moieties entering the fulvic acid (FA) fraction. The analysis of the HA media and their residuals after bacterial decomposition by pyrolysis GC/MS showed that individual organic compounds were decomposed. In Exp1, 32 aliphatic and aromatic compounds, including lignin biomarkers, were detected in the HA medium of which mainly aliphatic compounds were decomposed. In Exp2, 49 compounds were detected of which *40-60% were not detected any more after bacterial decomposition in the HA fraction but still in the FA fraction. The results show that estuarine and marine bacterial communities can decompose large amounts of HA and that this process is important in reducing the amount of terrestrial HS and DOM entering the estuarine and coastal region.
Introduction
Humic substances (HS) are ubiquitous in terrestrial and aquatic environments and an important carbon pool in the global carbon cycle, comprising 50-80% of total dissolved organic matter (DOM) in freshwaters (Thurman 1985; McKnight and Aiken 1998; Dittmar and Kattner 2003) . These heterogeneous and complex substances are considered recalcitrant but can at least partially be decomposed by microorganisms (Bano et al. 1997; Bussmann 1999; Donderski and Burkowska 2000; Rosenstock and Simon 2003; Anesio et al. 2005; Rosenstock et al. 2005; Kisand et al. 2008) and are photoreactive due to absorption in the ultraviolet region of the solar spectrum (Kulovaara 1996; Miller and Moran 1997; Obernosterer and Herndl 2000; Mopper and Kieber 2002) . Because of these absorption properties HS constitute a major fraction of chromophoric (C) DOM which is often also considered as highly recalcitrant (Boyd and Osborn 2004; Obernosterer and Benner 2004; Benner and Kaiser 2011) .
According to differences in solubility at low pH, HS are operationally subdivided into hydrophilic acids with the lowest molecular weight, i.e., \600 Da, fulvic acids (FA) with a molecular weight of 500-1200 Da, humic acids (HA) with a molecular weight of [1,200 Da, and the non-soluble humins (Thurman and Malcolm 1981; McKnight and Aiken 1998) . Sources for aquatic HS can be allochthonous, i.e., terrestrial, and autochthonous organic matter, e.g., phytoplankton residues, often microbially and physico-chemically altered. Terrestrial HS originate from vascular plant residues (lignin and various structural biopolymers) and other detrital organic matter which is transformed and modified by microorganisms and physico-chemical reactions (McKnight and Aiken 1998) . HS are transported via rivers and estuaries to the sea. The global annual discharge of DOM through rivers corresponds to about 0.25 9 10 15 g C (Cauwet 2002) but HS in the open ocean comprise only a small fraction of total DOM (0.7-2.4%; Opsahl and Benner 1997) . This comparison implies that large fractions of DOM and HS are removed in the near-shore area. In fact, present estimates suggest that terrestrial and thus predominantly humic DOM, after mixing with seawater, is degraded rapidly in the coastal zone (Hedges et al. 1997; Abril et al. 2002; Cauwet 2002) . During the estuarine passage with increasing salinities, DOM and HS undergo alterations like flocculation and adsorption to suspended matter (Sholkovitz 1976; Sholkovitz et al. 1978; Uher et al. 2001) , photochemical mineralization and microbial decomposition (Wikner et al. 1999; Moran et al. 2000; Boyd and Osborn 2004; Pullin et al. 2004; Farjalla et al. 2009; Kisand et al. 2008) . Our knowledge on the bacterial decomposition of DOM and HS and on concentrations and the significance of HA and FA as microbial substrates along the estuarine salinity gradient is, however, scarce. In the salinity gradient of the Weser estuary, Germany Wadden Sea, HA are more readily degraded than FA and hydrophilic acids (Kisand et al. 2008) . The authors reported that HA comprised *30% of total HS in a humic-rich stream and Gebhardt (2005) found that HA accounted for 16-37% of total HS in a drainage channel discharging into the Wadden Sea, Southern North Sea. In both studies FA constituted higher proportions than HA which may reflect that HA are more readily degradable than FA, the fraction with a lower molecular weight. This notion is consistent with the size reactivity continuum model of Amon and Benner (1996) proposing that the degradability of marine DOM decreases with decreasing molecular weight.
The molecular structure of the complex highmolecular-weight (HMW) HS is still largely unknown. It has been shown that amino acids and carbohydrates are present in HS (Hubberten et al. 1994; Rosenstock and Simon 2003) and that lignin derivatives are important structural HS components (Schulten and Gleixner 1999; Lehtonen et al. 2000) . Pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) is a powerful tool to study complex HMW organic compounds and therefore useful to characterize the molecular structure of DOM. This technology, particularly in combination with off-line tetramethylammonium hydroxide (TMAH) derivatization, has been applied to elucidate the composition of HS in soil and aquatic systems (Martin et al. 1995; Schulten and Sorge 1995; Schulten and Gleixner 1999; Lehtonen et al. 2000; Frazier et al. 2005; Poerschmann et al. 2007) . It allows the identification of individual structural moieties and functional groups of the complex HS after heat-induced breakdown to smaller units. Even though Py-GC/MS does not yield quantitative information on the composition of HS, it enables an insight into the great variety of aromatic and aliphatic building blocks of HS. It can also be applied to identify biomarkers, e.g., of lignin, which enter the pool of allochthonous HS. This technology has not been applied before to investigate structural modifications of HS during the decomposition by aquatic bacterial communities but appears to be a promising tool for such studies.
The Wadden Sea, stretching over 500 km from Den Helder in The Netherlands to Skallingen in Denmark, is the largest tidal flat system on earth and therefore of prime importance as a bioreactor for the degradation of HS in the coastal zone of the North Sea. HS are discharged into the Wadden Sea by large rivers such as Rhine and Elbe but also by a large number of drainage channels (Warnock et al. 1999; Fooken and Liebezeit 2000; Lübben et al. 2009 ).
The aim of this study was to examine the bacterial decomposition of HA at salinities of 14 and 28 to mimic decomposition conditions in the polyhaline (marine) and oligohaline (estuarine) zone of the German Wadden Sea and its estuarine tributaries. Therefore, flow-through cultures were set up which were supplied with HA of a humic-rich stream, inoculated by a marine and estuarine bacterial inoculum and incubated for *70 days at marine and estuarine salinities. The results show that HA were decomposed to [50% and that decomposition was highest at the salinity foreign to that of the inoculum. The complexity, i.e., the number of HA components identified by Py-GC/MS, was reduced during decomposition and HA were partly broken down to FA.
Materials and methods

Approach
Flow-through systems were used to assess the decomposition of HA by naturally-derived estuarine and marine bacterial communities (Fig. 1) . In one set of experiments a marine bacterial community was used as inoculum (Mar1 to 6). It was collected on the day of the start of the experiment in June 2007 from the polyhaline (salinity 30) German Wadden Sea at Neuharlingersiel (53°43 0 67 00 N, 07°42 0 73 00 E). In a second set of experiments, started in May 2008, an oligohaline (salinity 10) bacterial community collected near Kleinensiel (Weser estuary, Northwest Germany; 53°26 0 37 00 N, 8°29 0 06 00 E) served as inoculum (Est1 to 6). In both experiments the decomposition of HA was examined at salinities of 28 and 14. Because the salinity of the media had to be adjusted prior to collecting the samples for the inocula, we did not succeed in collecting samples of the same salinity at the designated sampling locations but only of salinities close to the expected ones. The HA were extracted from water collected in a freshwater stream rich in HS near Oldenburg (see below). In each set of experiments three different treatments were tested, one with the salinity close to that of the inoculum, either 14 or 28, one with the salinity close to that of the inoculum but amended with combusted sediment particles, and one with an enhanced (28) or reduced (14) salinity relative to that of the inoculum. The sediment particles were added to examine whether flocculation and adsorption of HA to these particles enhances abiotic removal of HA or leads to enhanced decomposition of HA by particle-associated bacteria.
Setup of experiments
Duplicate 10 l glass bottles were filled with 10 l of artificial sea water (ASW) according to Kisand et al. (2008) and modified by adding 34.5 lM KNO 3 and NaNO 3 , and 3.5 lM K 2 HPO 4 and KH 2 PO 4 , respectively. For a detailed description of the experimental setup see Rocker et al. (2011) . Briefly, ASW media of salinities 28 and 14 were supplemented with HA at a final concentration of 6 mg HA l -1 . Wadden Sea sediment combusted for 2 h at 500°C was added to one set of duplicates at a concentration of 30 mg l -1 . The HA media, after removal of particles through a Fig. 1 Experimental design of the HA decomposition experiments with a marine (left panel) and estuarine (oligohaline; right panel) inoculum. To treatments Mar3-28-s, Mar4-28-s, Est3-14-s, and Est4-14-s sediment particles (s) were added Biogeochemistry (2012) 111:331-346 333 0.22 lm pore-size cartridge filter, were supplied to the glass bottles at a dilution rate of 0.01/day. The bottles were continuously aerated by 0.22 lm prefiltered room air. 250 ml of 5.0 lm prefiltered inocula were added to the flow-through systems which were incubated at room temperature for 69 (marine) and 74 (oligohaline) days, respectively. For the first 3 days, experiments were run in batch mode to avoid washing out of the bacteria. Subsamples for measurements of DOC, bacterial abundance, and biomass production were withdrawn periodically from the outflow. In order to examine possible abiotic removal of DOM by flocculation two sterile controls of a salinity of 28 were run in parallel to the inoculated experiments in 2007, one for 56 and one for 84 days. On the last day of each experiment 10 l of the outflow were collected for the analysis of HA by Py-GC/MS.
Extraction of humic and fulvic acids 60 l of water rich in HS were collected in 20 l PE bottles from Wildenloh (peat bog area near Oldenburg, Northwest Germany) in June 2007 and May 2008 for the experiments inoculated with the marine and estuarine bacterial community, respectively, and pre-filtered through a 0.1 lm cartridge using tangential flow ultrafiltration (Amicon-Millipore). The HMW DOM was isolated by column chromatography of 10-30 l of the acidified (pH 2.0) filtrate using XAD-8 resins (Sigma-Aldrich, trademark name DAX-8) (Thurman and Malcolm 1981; Malcolm and MacCarthy 1992) . HS were eluted with 0.1 N NaOH. The HA fraction was obtained by precipitation at pH 1 (overnight at 4°C), centrifugation at 4,000g and redissolution of the precipitate in ultra-clean water. HA were re-concentrated onto the XAD-8 resin and desalted by elution with 0.1 N NaOH. Sodium ions were removed by cation exchange chromatography (Amberlite IR-120(H)). The HA were then vacuum concentrated, and the concentrate was freeze-dried.
To analyze the transformation of HA after microbial degradation 10 l of the outflow were collected at the end of the experiments and subjected to HA extraction as described above. In addition, the FA fraction was obtained as the supernatant of the overnight precipitation at pH 1 and freeze-dried. Both, HA and FA were subjected to Py-GC/MS analysis. DOM analysis 10 ml subsamples were immediately filtered through a 0.2 lm polyethersulfon filter, acidified with 40 ll of 6 N HCl and stored at 4°C in the dark until analysis. DOC was determined in five replicate analyzes of one sample by high-temperature combustion with a TOC-V CSH analyzer (Shimadzu) and by using potassium hydrogen phthalate as a standard. The standard deviation of the five replicates was always \5%.
Bacterial abundance 10 ml subsamples, fixed with glutardialdehyde (final concentration 1%) for 45 min, were stored at -80°C until further processing. Enumeration of bacteria was performed with a Becton-Dickinson FACS Calibur flow cytometer as described in Rocker et al. (2011) . Data were processed and bacterial numbers calculated by WinMDI 2.9 (Windows Multiple Document Interface for Flow Cytometry, http://www.facs.scripps. edu/software.html).
Bacterial biomass production (BP)
Rates of BP were determined by the incorporation of 14 C-leucine (Simon and Azam 1989) . Triplicate 5 ml subsamples and a formalin-killed control were incubated with 14 C-leucine (10.8 GBq mmol -1 ) at a final concentration of 60 nM in the dark at room temperature. After 1 h, samples were fixed with formalin (2% final concentration), filtered onto 0.2 lm cellulose nitrate filters and further processed as described in Lunau et al. (2006) . Biomass production was calculated according to Simon and Azam (1989) , assuming a twofold intracellular isotope dilution and applying a conversion factor of 3,350 kg C (mol leucine) -1 .
Pyrolysis-GC/MS
Pyrolysis-gas chromatography/mass spectrometry analysis of the HS material after off-line TMAH derivatization was carried out according to Schulten and Sorge (1995) , Lehtonen et al. (2000) and modified as follows. The freeze-dried HS fractions (HA, FA) were transferred into ferromagnetic micro cups (590°C, specs, *500 lg) and soaked with 10 ll of TMAH. This mixture was incubated under nitrogen atmosphere for 1 h at 100°C. The samples were subsequently pyrolyzed for 10 s (Curie-point pyrolyzer, 590°C). The GC injector port (split-mode 1:15) was set at 280°C. The initial column temperature was 40°C, held for 1 min and ramped at 4°C per minute to 280°C. This temperature was held for another 10 min. During sample run the split injection mode was used with a split ratio 1:15. A DB-5MS (0.25 mm ID 9 30 m, film thickness 1.25 lm, J & W Scientific) GC column was used. Helium was used as carrier gas in constant flow mode with 0.8 ml/min. The compounds were detected with an Agilent MSD 5973 N mass spectrometer using EI ionization, 70 eV, a mass range of 50-650 l and 2.48 scans s -1 . For further details see also Gebhardt (2005) . The compounds were identified using the spectral library of the National institute of standards and technology (NIST MS search 2.0), literature data and mass spectral interpretation. In some cases peak broadening or partly resolved peaks occurred and the automated mass spectral deconvolution and identification system (AMDIS) was used to distinguish between these coeluting compounds. We analyzed the constitutents of the HA in the feeding media and of the HA and FA fractions collected after microbial degradation at the end of both sets of experiments. The identified compounds were grouped into different classes according to aromaticity, aliphatic nature, saturation, and acidic state (Supplementary Tables S1, S2 ). Background measurements (wires with TMAH without HS fractions, same procedure as described before) were carried out with regard to possible interferences.
Statistical analysis
To analyze the temporal dynamics in DOC concentration and bacterial abundance, we applied linear regression models with concentration and abundance as response values, respectively. The three treatment types and the two replicates of each experiment were included as explanatory variables in dummy coding. Based on exploratory analyzes of scatter plots visualizing the temporal development of the responses, we determined suitable transformations that allowed us to model the time trend as a third order polynomial. As a result, all responses were log-transformed, while time was log-transformed for the analysis of DOC concentrations. To determine possible differences in the temporal development of the responses, all two-way and three-way interactions were included such that the temporal dynamics were allowed to vary in subgroups of the data defined by specific treatment type and replicate combinations. F-tests for explained variability were used to determine the significance of any effects in the linear models. To correlate the pooled data on bacterial abundance and production of both experiments a Pearson product moment correlation with log-transformed data was applied.
Results
Isolation and decomposition of humic acids
The water collected for isolating HA yielded an extract of 250 mg HA l -1 . A fraction of this extract was used for the HA media, supplying the experiments in a concentration of 6 mg HA l -1 and the rest kept for Py-GC/MS analysis. In both experiments and all treatments HA were decomposed to a substantial extent. Initial DOC concentrations in the experiment with the marine inoculum (Mar1 to 6) ranged from 400 to 820 lM DOC and decreased in the course of the experiment until day 62-229.3 ± 11.3 lM DOC as a mean of all treatments (Fig. 2a-c) . In the experiment with the estuarine inoculum (Est1 to 6) initial DOC concentrations were somewhat higher and ranged from *600 to [900 lM DOC (Fig. 3a-c) . They decreased to 247.0 ± 13.6 lM DOC as a mean of all treatments at the end of the experiment at day 74. The DOC decrease in the experiment with the estuarine inoculum was somewhat higher than in the experiment with the marine inoculum (Table 1) but the final mean concentration was significantly higher than that of the experiment with the marine inoculum (Student's t-test, p \ 0.05). Comparing the initial DOC concentrations to those at the end of the incubation time, total decomposition varied from 37.8 to 75.6% in both experiments and the various treatments. More than 90% of this decomposition occurred in the initial 34 days which were defined as phase 1 (Table 1; .
In the experiment with the marine inoculum, decomposition was lowest in the treatment with the marine HA medium (Mar1, Mar2) as shown by the amount and relative proportion of DOM decomposed during phase 1. The other treatments, that with the marine HA medium and added sediment particles (Mar3 and 4) and that with the estuarine HA medium (Mar5 and 6), revealed higher DOM removal. In contrast, in the experiment with the estuarine inoculum, DOM decomposition was highest in the treatment with the marine HA medium (Est5 and 6) and lowest in that with the estuarine HA medium (Est1 and 2). DOM removal in the treatment with added sediment particles (Est3 and 4) was higher than in that without the particles but not as high as that with the marine HA medium. A certain fraction of the DOM removal in the treatments with added sediment particles (Mar3, Mar4, Est3, and Est4) presumably was due to adsorption of HA to the added particles which partly adhered to the wall of the glass bottles after 14-18 days.
The duplicates of each treatment in both experiments exhibited significantly different decomposition patterns over time. In the experiment with the marine inoculum they were, however, more similar to each other than in the other treatments. The variability explained by the interaction between log-transformed time and treatment was 0.3078 (p \ 0.001) with two degrees of freedom (DF) as compared to 0.0421 (p \ 0.07) with one DF for the interaction between duplicate and log-transformed time. For the experiment with the estuarine inoculum, the variability between the duplicates was not much different as compared to the other treatments as shown by the corresponding values of 0.2531 (p \ 0.001) and 0.1400 (p \ 0.001), respectively. In the two sterile control experiments with the marine HA medium and without a bacterial inoculum, DOC concentrations decreased by \9% during the incubation periods of 56 and 84 days, respectively. Table 1 Decrease of DOC (DDOC) for the entire course and phase 1 (day 0-34) and 2 (day 34-end) of the flow-through experiments inoculated with a marine and an estuarine bacterial community and incubated with a humic acid medium of the salinity indicated Bacterial abundance and production Bacterial abundance strongly increased from initially *1.0 9 10 5 to 2-8 9 10 6 cells ml -1 in the experiment with the marine inoculum (Fig. 2d-f) and to [1.0 9 10 7 cells ml -1 in the experiment with the estuarine inoculum within 2-3 days (Fig. 3d-f) . Thereafter, numbers decreased rapidly again but reached a second peak in both experiments and all treatments after 10-20 days. Later on, bacterial abundance decreased again, fluctuated slightly and finally levelled off around 2-5 9 10 5 cells ml -1 in the experiment with the marine inoculum and around 0.8-1.2 9 10 6 cells ml -1 in the experiment with the estuarine inoculum. At least 90% of the bacteria were free-living cells, based on microscopic evidence. This was also in the treatments with added sediment particles. The duplicates of each treatment in both experiments exhibited significantly different patterns of bacterial abundance over time. In the experiment with the marine inoculum, however, they more closely resembled those of the other treatments as shown by the linear model of the variance of DOM decomposition applied to bacterial abundance. It explained a variance of 12.727 (p \ 0.002) on six DF for the interaction between the cubic polynome in time and treatment as compared to the explained variance of 0.833 (p \ 0.690) on three DF for the interaction between duplicates. For the experiment with the estuarine inoculum, the difference between duplicates and between treatments had similar magnitude showing that the duplicates were as different as the various treatments (3.204, p \ 0.779, on six DF vs. 2.325, p \ 0.507 on three DF).
Rates of BP were measured less frequently than bacterial abundance and DOC concentrations. In the experiment with the marine inoculum, data on BP are only available from day 13 to 69 ( Fig. 2g-i) . Rates of BP before day 30 were higher than thereafter and values in the treatments with the estuarine HA medium (Mar5, Mar6) were highest, consistent with the highest DOM decomposition in these treatments. The linear variance model was not applied as much fewer BP data than of DOC concentration and bacterial abundance were available and only starting on day 13. Pooling the data of all treatments, temporal dynamics of BP covaried significantly with bacterial abundance (Pearson correlation, n = 42, r = 0.63, p \ 0.001).
In the experiment with the estuarine inoculum highest rates of BP were measured within the initial 14 days in all treatments (Fig. 3g-i) . Temporal dynamics were pronounced until day 40. As for the other experiment, the linear variance model was not applied. Pooling all BP data, they covaried significantly with bacterial abundance (Pearson correlation, n = 65, r = 0.79, p \ 0.001).
Pyrolysis GC/MS analysis of humic and fulvic acids At the end of the HA decomposition experiments low amounts of HA were still isolated, but in addition to HA also FA, indicating that HA were not only decomposed but partly broken down to FA. Enough HA material from each of the various treatments of both experiments was isolated for Py-GC/MS analysis except from treatments Mar1 and 2 of which some material got lost during the extraction procedure. Fulvic acid fractions were obtained from all treatments of both experiments except treatment Mar1. Because of the low amount of HA and FA finally obtained we were unable to make a mass balance of the amount initially added, the fraction decomposed and that bound in both humic fractions.
In the HA medium obtained from the sample collected in June 2007 and used for the experiment inoculated by a marine bacterial community, 32 compounds were identified in the pyrolyzate (Table 2  and Supplementary Tables S1, S2 ). They included 15 aliphatic compounds, comprising short-chained saturated and unsaturated mono-, di-, and tri-carboxylic fatty acids (Supplementary Table S1 ), and 17 aromatic compounds such as benzene and benzoic acid derivatives and a cinnamic acid derivative (Supplementary  Table S2 ). Derivatization with TMAH converted most compounds into methyl esters. At the end of the decomposition experiment between 2 and 19 of these compounds were still identified in the remaining HA fractions. Only two compounds were detected in treatment Mar4 but 15-19 in the other treatments (Table 2 and Supplementary Tables S1, S2 ). Aliphatic compounds were decomposed relatively more effectively than aromatic compounds, resulting in an enhanced aromaticity of 80-[90% in the HA fraction at the end of the decomposition experiment, based on the pyrolysis products (Fig. 4a) .
Several of the aliphatic compounds still present in the FA fraction were not detected in any or found only in one or a few of the treatments in the HA fraction, suggesting that some HA compounds were broken down into smaller units (Supplementary Table S1 ). Hence, the aromaticity of the FA fractions was lower than that of the HA fractions and only slightly higher (66-73%) than that of the initial HA fraction (62%; Fig. 4b ). Even though the aromaticity of the decomposed HA fraction was higher than that of the HA medium, aromatic compounds were also decomposed. This can be inferred from the general decrease of the DOC concentration but is also obvious from the fact that in several treatments a number of compounds such as benzene derivatives were not detected or disappeared completely in the HA fractions of all treatments; examples are benzene tricarboxylic acid derivatives, and 3-(3,4-dimethoxyphenyl)-2-propenoic acid methylester (Supplementary Table S2 ). The experiment with the marine inoculum, however, did not yield consistent results in this respect as in some replicates of the various treatments the relative proportions of some of the aromatic compounds remained constant or even increased relative to the HA medium (Fig. 5a ). Changes in aromaticity in the FA fractions relative to the HA medium were less pronounced than in the HA fraction (Fig. 5b) .
In the HA medium obtained from the sample collected in May 2008 and used for the experiment inoculated by an estuarine bacterial community, 49 compounds were identified in the pyrolysate (Table 2) . Fifteen aliphatic compounds were detected, belonging to the same classes of short-chain fatty acids as those of the HA medium of the experiment with the marine inoculum of the previous year (Supplementary  Table S1 ). However, the composition differed from that of the previous year. The HA medium of the estuarine experiment contained many more aromatic compounds than that for the marine experiment, 39 in total (Supplementary Table S2 ), including four phenol derivatives which were not considered further in the comparative analyzes because they were most probably products of incomplete methylation by TMAH. The greater diversity was mainly due to more than twice as many benzene derivatives and to phenylacetic acid, phenylketone, and phenol derivatives which occurred only in the HA medium used for the estuarine experiment.
At the end of this decomposition experiment the number of identified compounds also decreased, i.e., to 36-62% of the initial number in the various treatments ( Table 2) . As in the other experiment, a greater number of compounds was detected in the FA fraction. However, the aromaticity did not systematically increase in the various treatments and replicates (Fig. 4c) . In treatments Est1, 4, and 6 it increased by 10-20% relative to the initial value of 69% but decreased in treatments Est3 and 5. The aromaticity of the FA fractions in this experiment was also different from that of the HA fractions but, in contrast to the experiment with the marine inoculum, remained constant, or slightly decreased relative to that of the initial HA fraction (Fig. 4d) . Differences in aliphatic compounds between the HA and FA fractions were not that pronounced in the estuarine experiment as compared to the marine experiment. Only two of the saturated fatty acid derivatives detected in the FA fractions were not detected in the HA fractions (Supplementary Table S1 ). Of the unsaturated and dicarboxylic fatty acid derivatives only few compounds were not detected in several replicates of the Table S2 ).
Discussion
The marine and the estuarine bacterial communities were able to decompose HA to *40-[60% of the initial concentration within approximately 70 days and most of the decomposition took place during the initial 21-28 days. A smaller proportion was decomposed in both experiments when the inoculum was supplied with the HA medium of the salinity similar to that of the inoculum. Higher fractions were removed in the treatments with added sediment particles but also in those in which the inoculum was supplied with a HA medium of the foreign salinity, i.e., a salinity of 28 in the experiment with the estuarine inoculum and of 14 in that with the marine inoculum. We note that the salinity of the inocula of both experiments differed slightly from that of the medium. As the salinity optima and ranges at least of Actinobacteria in the Wadden Sea are rather broad (Stevens et al. 2007) we assume that this is also true for other bacteria in these systems and therefore does not affect the main findings of our results. There was quite some variability of the temporal dynamics of the DOM decrease within the replicates and only in the experiment with the marine inoculum was this variability significantly lower than that among the three different treatments. However, the proportion of the DOM decomposed was consistently greater in both experiments in the treatments with the added sediment particles and the HA medium with the foreign salinity as compared to that with the salinity of the inoculum. We can not completely rule out the possibility that the HA media of some of the replicates and treatments got contaminated by non-HA DOM as the initial concentrations in the various treatments and between replicates showed some variability. However, the main reason for this variability was the fact that the freeze-dried HA were redissolved to different degrees in the various media. Flocculation did not contribute to HA removal as shown by the abiotic controls but adsorption of HA to the added sediment particles and adhesion of the latter to the wall of the incubation bottles obviously caused some abiotic HA removal. It has been shown that HS readily adsorb to particles and soil (Kaiser and Guggenberger 2000) . Therefore, we assume that the enhanced removal rate in these treatments was at least partially due to physicochemical adsorption of HA to the sediment particles and not a true bacterial decomposition.
Hence, considering only microbial decomposition, the highest fraction of HA was decomposed in both experiments when the inoculum was exposed to the HA medium of the foreign salinity. This result appears puzzling as there was no consistent effect of salinity on the decomposition and thus on a possible physicochemical modification of the HA. It rather appears that the microbial communities enhanced their decomposition properties when they were exposed to HA at foreign salinity but we have no clear-cut explanation for this effect. Interestingly, there is one report consistent with our findings of this salinity effect. Boyd and Osborn (2004) found that the fluorescence properties of CDOM and its humic constituents in the estuarine salinity gradient of San Francisco Bay (0-33) changed most significantly when the CDOM of a given salinity was incubated at a different salinity with a bacterial community of this salinity. This effect was not observed in the Chesapeake Bay. The authors speculate that changes in the conformational structure may have occurred when in particular the humic DOM was exposed to a different salinity. Newly activated ligands and functional groups may have become available inducing new enzyme activities and possibly the activity of other bacteria such that the decomposition was enhanced. As our observations are consistent with those of Boyd and Osborn (2004) it is conceivable that similar interactions between the HA and the bacterial communities at varying salinities may explain our findings.
In a companion study the composition and temporal development of the HA degrading bacterial communities in both experiments were investigated (Rocker et al. 2011) . Most interestingly, the richness, assessed as number of bands in a denaturing gradient gel electrophoretic (DGGE) analysis of PCR-amplified 16S rRNA gene fragments, was significantly lower in the treatments with a medium of foreign salinity as compared to the others (Rocker et al. 2011 ). This notion indicates that a specialized community, possibly with a wide salinity range, adapted to these peculiar conditions of a foreign salinity and thus decomposed the HA more effectively than the other communities.
Estuaries and intertidal flat systems are characterised by intense resuspension of sediment particles (Lunau et al. 2006; Bartholomä et al. 2009 ), mixing of water masses of different salinities and are rich in HS and CDOM (Fooken and Liebezeit 2000; Chen et al. 2007; Lübben et al. 2009 ). Hence we conclude that these systems and shallow seas with highly structured coastal environments with a water residence time of days to weeks are a prime location for bacterial decomposition and adsorptive removal of HA and presumably other humic DOM components of terrestrial origin. A previous study showed that HA of terrestrially-derived DOM are decomposed by marine as well as estuarine bacterial communities at salinities 15 and 5, whereas other humic fractions, FA and hydrophilic acids, were decomposed only by marine bacterial communities (Kisand et al. 2008) . The results of our study confirm these findings and extend them by showing by means of Py-GC/MS that specific aliphatic and aromatic compounds of the HA fraction are decomposed and that HA are partly broken down to smaller units entering the FA fraction. Humic acids appear to be more degradable than FA, thus their removal may explain to a substantial extent the disappearance of humic matter and CDOM in the estuarine mixing zone and the costal sea. Anesio et al. (2005) also showed that HA are more degradable than FA by limnetic bacterial communities, however, only after irradiation with UV light. Our findings are consistent with the size reactivity continuum model proposed by Amon and Benner (1996) and with other reports that FA and low-molecular-weight (\1,000 Da) DOM in the sea are more diagenetically altered than HA and HMW ([1,000 Da) DOM (Benner 2002; Loh et al. 2004) and shows that this model also applies to the microbial decomposition of HA.
It is well known that flocculation and adsorption to suspended matter (Sholkovitz 1976; Sholkovitz et al. 1978; Uher et al. 2001 ) and photochemical mineralization and subsequent microbial decomposition (Moran et al. 2000; Boyd and Osborn 2004; Pullin et al. 2004; Chen et al. 2007; Farjalla et al. 2009 ) are important processes in the removal of humic DOM in estuaries. The specific role of bacterial decomposition of humic DOM so far was mainly studied with irradiated DOM and showed that this effect favors the bacterial decomposition of CDOM. Our study, together with that of Kisand et al. (2008) , demonstrates that estuarine and marine bacterial communities are well capable of decomposing humic DOM and specifically HA also without any irradiation. As the water in estuaries and intertidal flat systems is very turbid photodegradation presumably is much less important than further out in the coastal zone and possibly overestimated. Our results and those of Kisand et al (2008) suggest that bacterial communities can decompose large fractions of HA and other refractory DOM in estuaries and that this process has been underestimated relative to photodegradation, flocculation and adsorption.
The residual mean DOC concentrations in the flowthrough cultures with the estuarine and marine inocula were 247 and 229 lM C, respectively. These concentrations are in the same range as natural DOC concentrations in the Wadden Sea and *25% higher than those in the coastal North Sea beyond the Wadden Sea (Lunau et al. 2006; Lübben et al. 2009 ). This notion indicates that natural bacterial communities are able to draw down concentrations of one major component of allochthonous DOM, HA, to ambient DOC concentrations. It further supports the idea that decomposition by heterotrophic bacteria is an important sink of DOM during the estuarine and near-shore passage of DOM towards the open sea.
Free-living bacteria dominated to [90% in both experiments and in all treatments including those with the added sediment particles. However, as the inocula of our experiments were 5 lm prefiltered natural samples they presumably did not only contain bacteria but also nanoflagellates. The strong decline in bacterial numbers after the first peak in all treatments is an indication that grazing occurred during this time and presumably also later, even though fluctuations in bacterial numbers decreased after 2-3 weeks. Hence, we assume that grazing by nanoflagellates and/or viral infection also contributed to the decomposition of HA, presumably not directly, but indirectly by recycling of bacterial biomass and factors limiting bacterial growth and by affecting the composition of the bacterial communities. The composition of the bacterial communities in both experiments exhibited pronounced differences and underwent distinct temporal changes during the experiment. As shown by the DGGE analysis, the composition and richness in the duplicates of one treatment were much more similar as compared to the other treatments (Rocker et al. 2011) . A detrended correspondence analysis (DCA) showed that changes in the community composition were more pronounced during the initial 25-34 days as compared to the later phase in both experiments and all treatments. Interestingly, the richness was consistently higher in the experiment with the estuarine inoculum as compared to that with the marine inoculum.
The marine bacterial community was largely dominated by Alphaproteobacteria whereas the estuarine community mainly consisted of Gammaproteobacteria. The isolation of Alphaproteobacteria capable of growing on HA and lignin building blocks such as cinnamic, coumaric, ferrulic, salicylic, and vannilic acid at the end of the experiment with the marine inoculum demonstrated that some members of this community were truly able to decompose the supplied HA medium and obviously also the lignin biomarkers.
The Py-GC/MS analysis after TMAH derivatization allowed us to elucidate the HA composition in the media and their modification after bacterial decomposition in the various treatments of both experiments to a certain extent. This technology had been applied before to elucidate the composition of HS in soil and aquatic systems (Martin et al. 1995; Schulten and Sorge 1995; Lehtonen et al. 2000; Frazier et al. 2005; Poerschmann et al. 2007) but not yet of HS or HA during bacterial decomposition and alteration. We were able to identify 32 and 45 aliphatic and aromatic compounds in the marine and estuarine HA medium, respectively (Table 2) . Our analysis showed changes in composition of the HA used for both media even though the HA were obtained from the same location at roughly the same season but in two consecutive years. Humic acids of the later year used for the medium of the experiment with the estuarine inoculum contained more aromatic compounds than HA of the previous year. Less than 60% of the compounds detected initially in the HA media were neither detectable in the HA nor FA fraction at the end of both experiments. This suggests that these compounds were decomposed even though it can not be excluded that the HA and FA moieties isolated from the outflow were too small to generate these pyrolysis products from both fractions.
We are aware of the fact that only a small proportion of the isolated organic material can be characterized by Py-GC/MS. Yields of volatile products are estimated between 5 and 10% (van de Meent et al. 1980) or 7 and 15% wt of total organic carbon (Poerschmann et al. 1997) , respectively. Overall, the DOM is much more complex as the most sensitive analytical technologies such as electrospray ionization Fourier transform ion cyclotron resonance mass spectrometry (ESI FT-ICR-MS; Koch et al. 2005) have demonstrated. Nevertheless, Py-GC/MS appears to be a valuable tool to demonstrate qualitative changes of DOM and specific fractions such as HA during microbial decomposition. Both, aliphatic and aromatic compounds disappeared during decomposition completely in either experiment or only in the HA fraction, suggesting that some moieties of the complex HA containing these compounds were completely decomposed or broken down to FA. In the experiment with the marine inoculum, relatively more aliphatic compounds were decomposed in the HA fraction as the aromaticity of this fraction was higher at the end of the experiment relative to the HA medium at the beginning (Fig. 4) . The aromaticity of the FA fraction, however, exhibited only little changes as compared to the HA medium, suggesting that those moieties of the HA fraction broken down to FA were altered relatively little by bacterial enzymatic attack. There was, however, no systematic difference among the three treatments, indicating that the specific bacterial enzymatic attack was not affected by the different conditions in the treatments. In the experiment with the estuarine inoculum changes in aromaticity were less consistent.
Tracking individual compounds by Py-GC/MS showed that several aromatic compounds disappeared completely or only in the HA fraction and/or in several treatments also in the FA fraction (Supplementary  Table S2 ). Of particular interest were aromatic compounds with biomarker properties of lignin such as 1,2,3-trimethoxybenzene, methoxybenzoic acid methyl esters, cinnamic acid, and phenylacetic acid derivatives (Martin et al. 1995; Hatcher and Minnard 1996; Lehtonen et al. 2000; Page et al. 2001; Benner and Kaiser 2011) . 1,2,3-Trimethoxybenzene (AW) disappeared completely in the experiment with the estuarine inoculum and 3-(3,4-dimethoxyphenyl)-2-propenoic acid methyl ester in the experiment with the marine inoculum in the HA fraction and in one of the replicates of the treatments of which enough material for Py-GC/MS analysis could still be isolated (Mar3-4, Mar5-6; Supplementary Table S2 ). Other compounds, like the benzene and phenylacetic acid derivatives, exhibited little changes during the bacterial decomposition or disappeared only in the HA fraction in one or both experiments. These observations suggest that only some lignin biomarkers were bacterially decomposed whereas most of them were resistant to bacterial decomposition and transferred from the HA to the FA fraction, presumably by the break down to smaller moieties with similar functionality. This is consistent with other reports that the bacterial degradation of lignin-derived aromatic compounds is rather limited and only greatly enhanced after photochemical oxidation (Moran et al. 2000; Obernosterer and Benner 2002; Benner and Kaiser 2011) .
We applied flow-through cultures with a dilution rate of 0.01 d -1 which were running for *70 days. During this time 70% of the medium in the incubation bottles was replaced, allowing a permanent supply not only of HA but also of inorganic nutrients. Other studies examining the decomposition of HA or CDOM and yielding lower fractions of DOC decomposed applied batch cultures and mesocosms, presumably leading more easily to limiting conditions by other factors than supply of DOC (Moran et al. 2000; Obernosterer and Benner 2004; Anesio et al. 2005; Benner and Kaiser 2011) . Hence, we suggest that flowthrough cultures are more appropriate for such studies, mimicking the ambient conditions in a more appropriate way than mesocosms.
In conclusion, we have shown that marine and estuarine bacterial communities decompose HA by *40 to [60% and that the decomposition is strongest when marine bacteria decompose HA under estuarine conditions and estuarine bacteria under marine conditions. Part of the HA were not completely decomposed but broken down to FA which is consistent with the size reactivity continuum model of Amon and Benner (1996) . Py-GC/MS proved to be a valuable tool to elucidate to a certain extent the composition of HA and to identify aliphatic and aromatic compounds and whether they were decomposed. Our results, together with those of Kisand et al. (2008) , indicate that the bacterial decomposition of HA and of other humic DOM in the estuarine transition zone and in intertidal flat systems is an important sink for terrestrial DOM.
